1. Intact human erythrocytes were exposed to low concentrations of glutaraldehyde. After washing and subsequent lysis of the cells, glyceraldehyde 3-phosphate dehydrogenase activity is found to be associated with a membrane fraction and cannot be eluted by salt treatment. Lactate dehydrogenase activity is associated with a supernatant fraction under the same conditions. 2. Preincubation of the intact cells under conditions designed to increase internal NADH concentrations, leads to a lower membraneassociated activity of glyceraldehyde 3-phosphate dehydrogenase after lysis.
The location of 'soluble' glycolytic enzymes within the intact cell is not yet known, but it has long been suggested that glycolytic enzymes may be organized in some form of supramolecular association (Green et al., 1965; Schrier, 1967; Clarke & Masters, 1975) . Such an association must be a very loose one, since, with the possible exception of Trypanosoma brucei (Opperdoes & Borst, 1977) , no 'glycosome' has been isolated by subcellular fractionation. However, several glycolytic enzymes are found associated with particulate material after cell fragmentation under hypo-osmotic conditions. These include hexokinase (Rose & Warms, 1967) , aldolase (Strapazon & Steck, 1977) , phosphoglycerate kinase (Tillmann et al., 1975) and glyceraldehyde 3-phosphate dehydrogenase (Tanner & Gray, 1971; Carraway & Shin, 1972; Kant & Steck, 1973) . The latter can be found in specific association with band-III glycoprotein on the inner surface of the plasma membranes of lysed erythrocytes (Yu & Steck, 1975) . Indeed, enzyme-depleted human erythrocyte 'ghosts' have been used as specific high-affinity adsorbents for the purification of glyceraldehyde 3-phosphate dehydrogenase from various tissues (Saleemuddin & Zimmermann, 1978) .
Despite these results, studies on lysed cells remain open to criticism on the grounds of the possibility of adsorption of enzymes on to subcellular structures after lysis (Wooster & Wrigglesworth, 1976a) (Bygrave, 1966) Perkin-Elmer SP356 dual-wavelength spectrophotometer in its dual-wavelength mode with a reference wavelength of 370nm. The conditions of assay were as previously described (Wrigglesworth et al., 1976) . Lactate dehydrogenase was assayed as described by Gay et al. (1968) .
Results

Cross-linking experiments
If fresh human erythrocytes are lysed under hypo-osmotic conditions essentially as described by Dodge et al. (1963) , 73% of the glyceraldehyde 3-phosphate dehydrogenase activity can be found associated with a membrane fraction ( Table 1) . As reported previously (Kant & Steck, 1973; McDaniel et al., 1974) , the enzyme can be eluted from the membranes by treatment of the fraction with 300mM-NaCl. All of the enzyme activity is then found in the soluble fraction.
Pretreatment of the erythrocytes before lysis by a brief exposure to a low concentration of glutaraldehyde results in approx. 50% of the original total enzyme activity remaining associated with the membrane fraction after lysis. This activity cannot be removed by salt treatment (Table 1) . Pretreatment of the cells with glutaraldehyde causes a loss of total enzyme activity in the lysate when compared with untreated samples. This would appear to be a direct effect of glutaraldehyde on glyceraldehyde 3-phosphate dehydrogenase, since the activity of the enzyme in free solution is inhibited by the cross-linking reagent. Association of the enzyme with the membrane slightly protects against this inhibition (Fig. 1) . The biphasic nature of the inhibition curves may result from the dual action of 3-phosphate dehydrogenase activity Preparations of the enzyme were incubated at 40C in 5 mM-potassium phosphate buffer, pH 8, containing 0.05% glutaraldehyde. At suitable intervals, samples were removed for assay. A, Enzyme adsorbed to the membrane of lysed human erythrocytes (see Table 1 ). A, Solubilized enzyme prepared by salt elution from the membrane preparation. 
Effect ofmetabolites on enzyme localization
Various metabolites have been shown to release membrane-associated glyceraldehyde 3-phosphate dehydrogenase from the membrane fraction of erythrocyte lysates (Kant & Steck, 1973; McDaniel et al., 1974) . NADH causes elution of the enzyme at concentrations in the ,UM range (Fig. 2) . Partial elution of the enzyme by NAD+, shown in Fig. 2 and also reported by Kant & Steck (1973) (Fig. 2) . Fig. 3 (Table  2 ). Millimolar concentrations were found to be necessary for this effect, presumably reflecting the relative impermeability of the erythrocyte membrane to NADH. The results shown in Table 2 stiggest that the effect of NADH is on enzyme localization in the intact cell. Glutaraldehyde treatment before incubation of the intact cells with NADH prevents NADH-mediated loss of enzyme from the membrane, whereas glutaraldehyde treatment after incubation with NADH, but before lysis, does not. The membrane-associated activity of glyceraldehyde 3-phosphate dehydrogenase is also decreased when the intact erythrocytes are incubated with glucose plus lactate or lactate alone Fig. 3 . Effect of the [NAD+J/lNADHI ratio on the association of glyceraldehyde 3-phosphate dehydrogenase with preparations oferythrocyte membranes Preparations of purified erythrocyte membranes were suspended in 5 mM-potassium phosphate, pH 8, which contained NAD+ and NADH at the indicated concentrations. After 70min at 0OC, the samples were centrifuged at 22000g for 20min. The pellet was washed twice by resuspension and re-centrifugation in nucleotide-free phosphate buffer, and glyceraldehyde 3-phosphate dehydrogenase activity was determined in the final pellet (0) and combined supernatants (0). (Green et al., 1965; Schrier, 1967; Clarke & Masters, 1975; Friedrich et al., 1977) . There is evidence, again from work with cell lysates, that both glyceraldehyde 3-phosphate dehydrogenase and aldolase bind to band-III glycoprotein of the human erythrocyte membrane (Strapazon & Steck, 1977) . The present results suggest that this association may also occur in vivo. There appears to be a high degree of association of glyceraldehyde 3-phosphate dehydrogenase with the human erythrocyte membrane in the intact cell. The extent of this association can be modified by treatmnents which alter the intracellular concentration of NADH, analogous to the effects-of NADH on the adsorption characteristics of the enzyme in cell lysates.
The results of treatment of erythrocytes with low concentrations of glutaraldehyde before lysis are consistent with a cross-linking of the enzyme to the membrane of the intact cell. A significant interaction of glutaraldehyde with the enzyme after lysis of the cells is unlikely. Low concentrations (0.05%) of glutaraldehyde are used for pretreatment, and the intact cells are washed twice in iso-osmotic buffer solution after pre-treatment but before lysis. Dilution during hypo-osmotic lysis would lower the concentration of any remaining glutaraldehyde to less than 0.001%, a concentration that we have found to be too low for any significant cross-linking to take place. In addition, the cross-linking experiments in the presence of NADH before and after glutaraldehyde' treatment clearly indicate glutaraldehyde fixation of the enzyme to the membrane before lysis occurs. Specificity in enzyme localization by the cross-linking technique is shown by the fact that lactate dehydrogenase activity is always associated with the supernatant fraction under the same conditions.
What could be the physiological significance of the membrane association of glyceraldehyde 3-phosphate dehydrogenase? Some form of metabolite compartmentation in erythrocyte glycolysis has been suggested by Niehaus & Hammerstedt (1976) , on the basis of the kinetics of incorporation of extracellular P, into ATP in the intact cell, as well as by Friedrich et al. (1977) , who have used aglycerophosphate dehydrogenase as an 'enzyme probe' to test whether certain metabolites are accessible to the bulk medium in concentrated preparations of sonicated erythrocytes. Some degree of channelling of glycolytic intermediates is suggested by these and the present experiments, and this may be expected to have a profound effect on the flux characteristics of glycolysis in the intact cell (Katchalski et al., 1971; Mosbach, 1976; Wooster & Wrigglesworth, 1976b) . The close association of glyceraldehyde 3-phosphate dehydrogenase with phosphoglycerate kinase, another enzyme found to be associated with the membrane fraction after erythrocyte lysis (Tillmann et al., 1975) , may also help to control the intracellular concentrations of 2,3-bisphosphoglycerate, a physiological regulator of haemoglobin oxygen affinity (Benesch et al., 1971; Brewer & Eaton, 1971) .
